We investigated the effect of external field on magneto-transport properties of synthetic antiferromagnet dual spin-valve with nanoconstriction with focus on domain wall (DW) configuration and magnetization reversal process. As magnetic field rotated from in-plane to out-of-plane along hard axis configuration, the magnetization reversal mode changed from a vortex to a transverse type, and a multistep switching process appeared due to the development of a transverse magnetization reversal mode with DW pushing towards the higher anisotropy region. The difference in the shape of nanoconstriction made an asymmetric energy barrier to the DW propagation which resulted in an asymmetry depinning field. V C 2012 American Institute of Physics.
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Ferromagnetic nanostructures have attracted a lot of attention in fundamental physics. They also possess potential for applications to numerous devices, such as logic and memory devices. 1, 2 In those devices, data can be stored in the form of a magnetic domain wall (DW). Theoretical study has shown that a DW can be formed in the contact region when the electrodes are magnetized antiparallel to each other. 3, 4 The key issue to effectively implement this idea for memory device is to manipulate the DW configurations in a reproducible and reliable way. Much effort has been devoted to manipulate the DW by a magnetic field or by a spin polarized current through spin transfer torque. 5, 6 One of the most established DW control methods is to place notches in the magnetic nanowire and multilayer, as the DWs are pinned at the notches due to a lower energy. 7 Another method is to place a nanoconstriction, where the DW becomes geometrically constrained. 4 It is well known that the presence of a pinned DW in such a nanostructure can be probed by measuring the magnetoresistance (MR), which is sensitive to the relative magnetization of the two wires.
The effect of a magnetic DW on the magneto-transport properties on the nanostructured spin-valves (SVs) is currently a topic of great interest; therefore, further understanding of the magneto-transport properties relating to the SV with nanoconstriction is highly important. Moreover, the nanoconstriction shape is a key parameter for the formation of DW configuration and width. 8 Up to now, studies of the effect of a DW on the magneto-transport properties have been based on the simple structure such as a single SV and a nanowire composed of a single layer.
Here, in this letter, we take complicated systems such as synthetic antiferromagnet-based dual spin-valve (SAF-DSV) structure (i.e., the SV structure is doubled symmetrically with respect to the ferromagnetic layer) to control the effect of a DW on the magneto-transport properties. We demonstrate the effect of the direction of the applied magnetic field with respect to nanoconstriction shapes on the magnetotransport properties including DW configuration and reversal process. Using this method, as magnetic field rotated from an in-plane along easy axis configuration to an out-of-plane along hard axis configuration, the magnetization reversal mode changed from a vortex to a transverse type, and a multistep switching process appeared. The multistep switching in the MR curves is due to the contribution of higher pressure and development of transverse magnetization reversal mode when the sweep field along perpendicular to the sample axis with DW pushing towards the higher anisotropy region. Our systematic experiments also show that an asymmetric depinning field in the SAF-DSV is related to an asymmetric energy barrier to domain wall propagation as well as the difference in DW width at the nanoconstriction.
The SAF-DSV structure in this study was of the form; Si/SiO 2 / Ta Samples were prepared using a six-target dc magnetron sputtering system under a typical base pressure of less than 2 Â 10 À7 Torr. The MR of the non-nanoconstricted and nanoconstricted SV structures was characterized using a physical property measurement system (PPMS) by Quantum Design. Device fabrication was carried out using e-beam lithography employing a negative-tone ma-N 2403 resist and Ar þ ion etching. Subsequently, after removal of the resist, UV lithography patterning was performed to fabricate the macroscopic a)
Authors to whom correspondence should be addressed. Electronic addresses: ykim97@korea.ac.kr and mohamed.abid@epfl.ch. À6 erg/cm were used. The unit vector size was 3.5 nm Â 3.5 nm. The time step was 4.74 Â 10 À3 ps and conversion was set at 1 Â 10 À5 for calculation. Figure 1 depicts the magneto-transport properties of the SAF-DSV structure without a nanoconstriction as the sweep field from an in-plane along easy axis configuration (0 ) to an out-of-plane along hard axis configuration (90 ), with 30 rotation step to the sample axis. One can see from Fig. 1 that, as the sweep field is rotated away from the easy direction, the coercivity field (H c ) increases, followed by a sharp decrease when the applied field is in the perpendicular direction to the sample axis ( Fig. 1(d) ).
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It is known that the dependence of H c on the angle between the applied field direction and the easy axis is closely correlated with the magnetization reversal mode; different reversal modes would be expected to show different trends in the angular dependence of H c . 9 There are usually three reversal modes. [9] [10] [11] First, the vortex mode, magnetic moments incoherently rotate in a curling pattern via propagation of a vortex domain wall. Second, the transverse mode, magnetic moments rotate progressively via propagation of a transverse domain wall. Third, the coherent rotation, all magnetic moments coherently rotate in unison. It has been reported that the H c increases in the vortex mode, but decreases in the transverse mode with increasing angle between the applied field direction and easy axis of the sample. 11, 12 As shown in this figure, an increase in H c has been clearly observed with increasing angle from 0 to 60 , indicating a vortex mode. While further increasing the angle 
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, H c decreases suggesting a change in the magnetization reversal from a vortex type to a transverse mode beyond 60 . The spin flop process also studied, where the pinning direction cants largely from the easy axis. As the sweep field is rotated away from the easy direction, the MR curves show an increase of exchange bias field (H exB ). In particular, when the field is applied perpendicular to the sample, an opposite exchange bias is observed which indicates that the pinned direction of SAF layer is almost perpendicular to the easy axis of the CoFe 5 nm free layer. It was theoretically predicted that in a SAF structure spin flop can occur under an external magnetic field. 13 It was experimentally observed that the spin flop of a SAF structure was induced by the magnitude of the magnetic annealing field 14 and the thickness difference of two magnetic layers in the pinned SAF. 15 Thus, the pinned direction of the SAF could be canted and these angular dependences of the magneto-transport properties are largely due to the spin flop effect of the SAF.
Figures 1(e) and 1(f) display the minor magnetotransport curves of the SAF-DSV structure without a nanoconstriction as the sweep field along the easy direction and perpendicular direction to the sample axis, respectively. A detailed description of these figures will be discussed including Fig. 3 . Figure 2 shows scanning electron microscope (SEM) images of a typical structure used in this study (top view). As shown in Fig. 2(a) , our nanoconstricted SAF-DSV structure is composed of two pads (large and small rectangle) with nanoconstriction. The difference in the pad size is proposed to facilitate a magnetic configuration, where a DW is formed at the constriction due to the shape anisotropy at which the magnetization in the pads switches. 16 To trap a DW, a V-shaped nanoconstriction with a size of 40 nm is located in the middle of two pads with different widths. The pads have two electrodes made of nonmagnetic material, 35 nm-thick Au, for measurement of magneto-transport properties ( Fig. 2(b) ). Figs. 1(e) and 1(f) ), the observed jump and kink in the MR curves originate from the contributions of pinning and depinning DWs at the nanoconstriction.
Most interestingly, as the sweep field is rotated away from the easy direction (Figs. 3(b)-3(d) ) with DW pushing towards the higher anisotropy region (in our case, positive sweep), more kinks and jumps are observed in the MR curves compared to that of sweep field is applied in-plane to the sample (Fig. 3(a) ) with DW pushing towards the lower anisotropy region (in our case, negative sweep).
It was theoretically predicted that under the strong enough magnetic field, the internal structure of a moving DW periodically transforms between the vortex and transverse wall configurations. 17, 18 At low field, the DW shows a viscous motion with a high velocity proportional to the applied magnetic field. Above a critical (so-called Walker breakdown) field, however, the DW shows an oscillation motion with a slow drifting in the applied field direction. These dynamic transformations are resulted from the serial process of the creation, propagation, and annihilation of DWs with the conservation of total topological charges. Transverse DW has the simplest structure. The results of the micromagnetic simulation showed that the core region in the transverse wall was magnetized perpendicular to the wire length, which would be the expected configuration if there was any misalignment between the field direction and the length of the wire, leading to an in-plane field component perpendicular to the wire. 19 If the sweep field is rotated away from the easy direction, as previously mentioned in Fig. 1 , the magnetization reversal mode changes from a vortex to a transverse mode.
The field is efficient in moving the DW into the lower anisotropy region. As shown in Fig. 2 , the 1.4 lm width pad has a high shape anisotropy compared to that with a 5 lm width one. When pushing the DW towards the higher anisotropy region (positive sweep), a higher pressure is exerted on the DW until depinning of the DW. 20 When pushing the DW towards the lower anisotropy region (negative sweep), however, a relatively lower pressure is exerted on the DW. Therefore, more kinks and jumps in the MR curves are due to the contribution of higher pressure and development of transverse magnetization reversal mode when the sweep field along perpendicular to the sample axis with DW pushing towards the higher anisotropy region. Figure 3 also shows different depinning field (H dp ) for positive sweep and negative sweep. The H dp is inversely proportional to the domain wall width
, where A and K are the exchange stiffness and the anisotropy constant, respectively. According to the micromagnetic modeling study, the DW width appeared to be greatly affected by the shape of the nanoconstriction (i.e., the angles (H 1,2 ) between the x-axis and the edge of the wire). 8 To reduce the magnetostatic energy, the magnetic moments generally tend to align parallel to the edges. If the angle between the nearest neighbor spin moments in the constriction becomes smaller (in our case H 2 , see Fig. 2 ), the DW width becomes wider. For a larger angle (in our case, H 1 ), the magnetic moments near the constriction align in a direction perpendicular to the plane and; as a consequence, the DW width becomes narrower. The DW ejects from a 5 lm width pad with larger angle H 1 (red and cyan curves, positive sweep), and therefore, has higher H dp than the DW ejects from a 1.4 lm width pad with lower angle H 2 (black and blue curves, negative sweep). It is clear that the difference in the shape of the nanoconstriction makes an asymmetric energy barrier to DW propagation that leads to an asymmetry in the DW depinning forces.
21 Figure 4 shows the calculated results of the DW configuration at the remanent states in the constricted region corresponding to the field applied to (a) easy and (b) perpendicular direction to the sample axis. As shown in this figure, the applied field direction to the sample axis plays an important role in the formation of DW. When the field is applied to (a) easy or (b) perpendicular direction to the sample axis, the results show that the DW formed in the nanoconstricrted region is in a vortex mode or in a transverse mode, respectively. As previously mentioned in the Fig. 1 , magnetization reversal occurs in a vortex mode then changes to a transverse mode when the applied field direction to the sample axis is beyond 60
. Therefore, our experimental results agree well with the simulation results.
In summary, we present the effect of the direction of the applied magnetic field with respect to nanoconstriction shapes on the magneto-transport properties including DW configuration and reversal process using a SAF-DSV structure. We can control the DW configuration and reversal process from a vortex to a transverse type by changing the applied field direction to the nanoconstricted SAF-DSV. The multistep switching in the MR curves is due to the contribution of higher pressure and development of transverse magnetization reversal mode when the sweep field along perpendicular to the sample axis with DW pushing towards the higher anisotropy region. Our results also showed an asymmetric depinning field. The difference in the shape of nanoconstriction makes an asymmetric energy barrier to domain wall propagation due to the difference in the DW width, which leads to an asymmetry in the domain wall depinning forces.
